Comparative isoenergetic action spectra of net photosynthesis for intact, current year foliage of five tree species were determined from 400 to 710 nm by CO2 exchange analysis. The blue (400 to 500 nm) peak of net photosynthetic activity for the green broadleaves of red alder (Alnus rubra Bong.) was reduced to a plateau for the green needle-leaves of Douglas-fir (Pseudotsuga menziesii [Mirb.J Franco) The ratio of net photosynthetic activity in blue light to that in red light is reported to be lower in some conifers than in broadleaf plants (2, 5, 6) . Whether this lower photosynthetic activity in blue light, observed for the needle-leaved conifers, is indicative of a general group distinction between the conifers and the broadleaved plants in this regard, or is restricted to the species investigated is not certain; only Burns (2) has made a direct comparison of the spectral photosynthetic activity for the two foliage types (pine and wheat) under the same experimental conditions.
the blue-green needles of Colorado spruce (Picea pungens Engelm.), and a reduced shoulder for the blue-white needles of Blue spruce (Picea pungens var. hoospii). These differences were attributable neither to a differential blue light stimulation of photorespiration nor to a differential presence of a nonplastid screening pigment. The conifers all had similar carotenoid-chlorophyll ratios, with approximately 50% more carotenoid relative to chlorophyll as compared to red alder. Blue light absorption and low efficiency of energy transfer by the carotenoids probably accounts for the low net photosynthetic activity of the green conifers in blue light as compared to red alder. Leaf form per se (broad versus needle) had no distinguishable influence on these results.
The ratio of net photosynthetic activity in blue light to that in red light is reported to be lower in some conifers than in broadleaf plants (2, 5, 6) . Whether this lower photosynthetic activity in blue light, observed for the needle-leaved conifers, is indicative of a general group distinction between the conifers and the broadleaved plants in this regard, or is restricted to the species investigated is not certain; only Burns (2) has made a direct comparison of the spectral photosynthetic activity for the two foliage types (pine and wheat) under the same experimental conditions.
The results of previous authors suggest that a group distinction is more apparent than real. In each case the lower photosynthetic activity observed in blue light for conifers was caused by the masking effect of some wavelength-selective photosynthesis-screening process not found in broadleaf plants.
Although Poskuta (9) reported that respiration during photosynthesis (photorespiration) was selectively stimulated by blue (2) and Scots pine (6) . A third potentially important photosynthesis-screening mechanism is species differences in leaf relative spectral reflectance. These various effects fall into three independent classes of potential photosynthesis-screening mechanisms, viz., (a) metabolic screening caused by selective stimulation of photorespiration by certain wavelengths; (b) absorption screening resulting from the presence of photosynthetically inactive or less active pigments; and (c) physical screening attributable to selective light filtering at the leaf surface.
This and the subsequent paper (4) report the results of a study of one broadleaf and four coniferous tree species conducted under comparative experimental conditions to: (a) determine the relationships between the relative spectral photosynthetic activities and leaf form (broad versus needle) and leaf coloration (green versus "blue"); (b) determine the relative significances of the three proposed screening mechanisms; and (c) speculate how these differences represent adaptations to the plants' natural environments.
MATERIALS AND METHODS
Plant Material. Two-to three-year-old seedlings of the following tree species were potted out into field plots at least one year before their use in experiments. Species used were red alder (Alnus rubra Bong.), Douglas fir (Pseudotsuga menziesii [Mirb.] Franco) coastal, low-altitude type (courtesy of B. C. Forest Service Green Timbers Nursery); Sitka spruce (Picea sitchensis (Bong.) Carr.); Colorado spruce (Picea pungens Engelm.); and Blue spruce (Picea pungens var. hoopsii). Sitka, Colorado, and Blue spruces were from Glasbergen's Ornamental Tree Nursery. They were brought into the laboratory for experimental periods of up to 8 hr, then returned each evening to the field plots. All experiments were conducted on current year foliage during the period late June to early October over three successive seasons to ensure comparable physiological age of the tissues.
Gas Exchange Determination. Net CO2 uptake and output rates were determined for attached shoots or leaves in a closed circuit system. Gases were circulated at 2.5 liters min-' through the leaf cuvette, a Beckman 215 infrared CO2 gas analyzer, and an 02 analyzer (Chemtronics). Poskuta's (9) basic experimental regime of light-dark cycles was followed. The rates of net photosynthesis and dark respiration and the CO, compensation point under white (400-700 nm), red (A,, 619 nm) and blue ( 450 nm) light at 2l1%o 02 were measured. Contrary to Poskuta's use of compensation point data for determining relative photorespiratory rates, the size of the postillumination burst of CO2 measured immediately after the compensation point determination, as compared to the suLbsequent steady state rate of dark respiration, was used; it is a compatible yet independent referee index of photorespiratory activity (7) . Photorespiration but not dark respiration is inhibited in both Sitka and white spruce by low 0, Measurement of the net photosynthesis rates, CO. compensation points, postillumination bursts, and dark respiration rates under normal ('21 ) and low (2-4%) 02 concentrations for Sitka and Colorado spruce was accomplished using the closed circuit apparatus described above. Independent control over CO2 and 02 concentrations was achieved by first flushing the system with either air (21% 02) or with a mixed, compressed gas (2% O, 0.03% CO, balance N2). The closedsystem CO2 concentration could be lowered by switching in a CO2 absorber (Ascarite). or raised by hypodermic injection of CO2 generated from NaHCOQ.
The experimental series consisted of two parts: (a) in which isoenergetic irradiation from the white, red, and blue wavebands was presented to determine the relative rates of photorespiration in blue-green. as opposed to green, conifer foliage under experimental conditions similar to those prevailing during the determination of the action spectra; and (b) in which light intensities were adjusted to equalize the rates of net photosynthesis at normal 02 concentrations (9) RESULTS AND DISCUSSION Action Spectra of Photosynthesis. The normalized action spectra for net CO2 uptake in photosynthesis for the five tree types are presented in Figure IA . At wavelengths above 590 nm, the curves are quite similar with the broad peak between 610 and 670 nm declining sharply at longer wavelengths. Below 590 nm the curves diverge, the most striking feature being the differing photosynthetic responses of the various tissues to blue light (400-500 nm) with a parallel decrease in the relative photosynthetic activities in white light (Fig. 1B) . The blue peak (455 nm) of relative photosynthetic activity for red alder is reduced to a plateau for Douglas fir and Sitka spruce, a shoulder for Colorado spruce, and a reduced shoulder for Blue spruce. The relationship between photosynthetic activity under blue light and the visual leaf differences, with as few factors as possible changing between the various levels of comparison, is summarized in Table I .
The action spectra, as previously mentioned, were determined under conditions designed to leave the tissue used as the only experimental variable. The range of materials chosen enables a breakdown of the effects of leaf form and coloration on net spectral photosynthesis to be made. Before the effect of leaf form (broad versus needle) on photosynthesis can be assessed, however, the influences of possible screening by potentially different degrees of stimulation of photorespiration or differences in pigment complements in the various tissues (Table II; Fig. 2 ) and Sitka spruce (Table III; Fig. 3 ). The ratio of net photosynthetic rate in blue light to that in red light for each species under isoenergetic irradiation (Tables II and III) agrees well with the action spectra results (Table I) . For Colorado spruce tissue, preilluminated with red light at 21% 02 ( Fig. 2A) , the rate of CO2 evolution after "light-off" increased rapidly to a maximum at 30 to 35 sec, then decreased to a relatively steady state rate from 1.5 to 2 min onwards. The high transient rate of CO2 evolution corresponds to the first postillumination burst of Tregunna et al. (11, 12) , whereas the steady state rate is classical dark respiration. The size of this postred burst, compared to the dark respiration rate, is greater than the result of a similar comparison made for Sitka spruce ( Figure  3A) , indicating a generally higher degree of photorespiratory activity in Colorado than in Sitka spruce foliage. It is evident for both species that the size of the burst is related to the net photosynthetic rate before light-off. The effect of low 02 concentration was the same in both species: photosynthesis rates increased, compensation points decreased, and postillumination bursts were suppressed, but dark respiration remained unaffected.
The different efficiencies of red and blue light of equal intensities in sustaining photosynthesis were subsequently circumvented by equalizing the photosynthetic rates so that the burst sizes could be directly compared. The relative light intensities of white, red, and blue light were adjusted to produce equal rates of photosynthesis at 21% 02 for Sitka spruce (Table IV; Fig. 4, C, D, and B) . This procedure obviated the problem of differing absorption and reflectance characteristics of the different wavebands by the same material. The results from preillumination with maximum available intensities of red and white light are also given (Table IV, Fig. 4, A and B) , to check the effect of light intensity on burst size. There is no detectable enhancement of photorespiration even at high light intensities (Fig. 4, compare A and B with C, D , and E), nor is there any evidence of a selective stimulation of photorespiration by blue light (Fig. 4, C, D, and E) . In all cases, the postillumination burst under these conditions agrees with those in Figure 3 . Low 02. again suppressed the burst, but had no effect on dark respiration. The increased variation in the dark respiration rate (Fig. 4) as compared to Figures 2 and 3 was attributable to temperature instability in the gas analyzer.
With the light intensities adjusted to give similar rates of net photosynthesis, it was found that all subsequent gas exchange characteristics were essentially the same (Table IV) , as opposed to the elevated compensation point reported by Poskuta (9) for blue light. No adjustment of the relative light intensities of the different wavebands was required to maintain similar except higher photosynthetic rates at 2% 02 (Table  IV) . This would not have been expected if blue light stimulated photorespiration. If it did, as Poskuta (9) reported, the switch to low 02, should have resulted in a higher photosynthetic rate under blue light by an amount proportional to the relatively greater inhibition of photorespiration, as compared to red or white light.
Another inconsistency is found when Poskuta's photosynthesis results are examined closely. Namely, to equalize the photosynthetic rates, his required intensity of white light was less than that required for red light, which is contrary to all evidence (e.g., Fig. 1 A) that red is the most efficient waveband for photosynthesis. White light, on the other hand, being a composite of red light plus light of other less efficient wavelengths in photosynthesis, would normally be expected to require a higher intensity than red light to achieve equal rates of photosynthesis ( Fig. IlB; Table IV ).
The conclusion from these results is that photorespiration in these spruce species is not selectively stimulated by blue (6) . The higher Chl content and the lower carotenoid-Chl ratio of red alder, as contrasted to the conifer group, may be related to the deciduous versus evergreen nature of the trees as well as to an ability to grow in shaded habitats.
The observed differences in relative pigment complements can, therefore, partially account for the differences between the action spectrum for red alder and those of the conifers as a whole. In particular, the increasing carotenoid-Chl ratios determined for red alder (0.38) and the two green conifers, Douglas fir (0.54) and Sitka spruce (0.67) would seem to be the factor responsible for the differences between their action spectra. The same explanation, however, cannot alone account for the range of differences seen in the action spectra for the four conifers. No evidence was found to support differential degrees of screening by an extrachloroplast blue-absorbing pigment reportedly present in some conifer needles (2) . One is therefore led to believe that an additional factor must be responsible for the differences between the green and "blue" spruces. Differences in apparent leaf coloration, arising from changes in relative spectral reflectance attributable to varying leaf cuticle structure, seems to be the most plausible explanation. Results of investigations conducted on this aspect are reported in the subsequent paper (4).
SUMMARY AND CONCLUSIONS
The relative spectral photosynthetic activities were measured for one deciduous broadleaf and four coniferous trees. Compared to the red peak of photosynthetic activity, the 
